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FeSb2 has been recently identified as a new model system for studying many-body renormalizations in 
a d-electron based naiTow gap semiconducting system, strongly resembling FeSi. The electron-electron 
correlations in FeSb2 manifest themselves in a wide variety of physical properties including electrical and 
thermal transport, optical conductivity, magnetic susceptibility, specific heat and so on. We review some of 
the properties that form a set of experimental evidences revealing the crucial role of coiTelation effects in 
FeSb2. The metallic state derived from slight Te doping in FeSb2, which has large quasiparticle mass, will 
also be introduced. 
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1 Introduction 

Since the recognition of FeSi as a semiconductor with puzzhng thermodynamic properties JT], the class 
of transition metal based, narrow gap semiconductors has been attracting attention due to the presence 
of strong many -body renormalizations 112]. Interest in this class of materials was further revived by the 
proposal assigning FeSi to be the first example of a d-electron derived Kondo insulator (KI) fSl, because 
of the strong similarities in physical properties of this compound with various /-electron based Kondo 
insulators. The materials which have been argued to resemble FeSi in their physical properties include 
Fe2VAI m, FeGas ||5], and FeSb2 OHIll- The most striking similarities to FeSi, however, were observed 
only in FeSb2 due to their close energy scales (for example, the main transport gap in FeSb2 and FeSi 
is roughly 30 and 50 meV, respectively). Though the physical properties of FeSb2 are far from being 
understood, an apparent consensus regarding the important role of electron correlations in the formation of 
the narrow energy gap and the relevant physical properties of FeSb2, appears to have been reached. 

Different theoretical approaches have been so far proposed to capture the electron-electron correlations 
in this class of materials. In addition to the KI scenario, where the small semiconducting gap arises in 
a Kondo lattice due to the hybridization of the localized / (or d) state and a broad conduction band, 
Takahashi and Moriya (TM) |19J, starting from the electronic structure as calculated for FeSi, have offered 
a different interpretation, where the unusual thermodynamics including magnetic susceptibility and specific 
heat can be well interpreted by using the spin fluctuation theory of itinerant electron systems. While also 
starting from a band insulator model, recent theoretical explorations ifTOl [TTl IT2l tend to treat FeSi and 
FeSb2 as band insulators with strong local dynamical correlations, i.e., correlated band insulators (CBI) 
in a more general physical interpretation. This approach, which takes the local correlations into account 
via a dynamical mean-field approximation (DMFT 111 31 ). can also explain all major physical properties 
of FeSb2 as well as FeSi ifTOl . Compared to the KI scenario where an extremely narrow band width is 
necessary, here a more realistic band width (much larger than the gap) is employed. In line with the CBI 
scenario, recent electronic structure calculations for FeSb2 with correlation effects taken into account yield 
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the correct, experimentally observed size of the band gaps lfT4l : recently observed dispersions by angle- 
resolved photoemission spectroscopy (ARPES) for FeSi ifTSi can quantitatively be described by an itinerant 
behavior provided that an appropriate self-energy correction is included. 

FeSb2 crystallizes in the marcasite-type orthorhombic structure, belonging to the space group Pnnm 
(No. 58). While most members of this structure show semiconducting behavior, FeSb2 appears to have the 
smallest energy gap and the most unusual magnetic properties lfT6l[T7l . which have been later explained by 
da Silver who assumed highly coiTelated valence and conduction bands in FeSb^ lfTSl . Note that the recent 
interpretation of the magnetic susceptibility by the CBI model ifTOl is similar to da Silver's approach. Elec- 
tronic structure calculations for FeSb2 have been performed by different authors ||8] [14] [19] |20] . The stan- 
dard density-functional theory can yield a direct pseudogap of 0.2-0.3 eV with a finite electronic density of 
states (DOS) in the ground state. By including many-body effects to the electronic structure calculations 
through Hedin's GW approximation, Tomczak et al. have recently obtained an insulating ground state for 
FeSb2, with a transport gap consistent with the experimentally observed value 30 meV) fl4l . The 
similarity in the magnetic properties of FeSb2 and FeSi is also seen in the calculated electronic structures: 
closely resembling the case of FeSi ET\ . the local density approximation with on-site Coulomb repulsion 
correction (LDAh-U) found a ferromagnetic metallic state that is nearly degenerate with the semiconducting 
state in FeSb2 f20ll . as has been predicted by TM's spin fluctuation theory. Experimentally, ferromagnetism 
was indeed observed by doping both FeSb2 and FeSi: doping the latter compound by 25% Ge, one ob- 
serves a first order phase transition from a paramagnetic semiconductor into a ferromagnetic metal El : 
doping Te Il23l or Co ll24l into FeSb2 also results in ferromagnetic metallic states. Furthermore, like FeSi 
can be transformed into a heavy fermion metal by Al doping ll25l . FeSb2 changes into a metallic state 
with strongly enhanced quasiparticle mass (10 — 20 times of mo) by slight Te doping 1261. Note that Te 
substitution for Sb is non-isoelectronic and adds one electron / Te atom to the conduction band. 

Except for the fundamental aspects mentioned above, our interest in this class of materials stems from 
their potential as thermoelectric materials in the cryogenic range. An enhanced thermopower has long 
been expected in correlated semiconductors principally due to the largely enhanced and asymmetric DOS 
at the Fermi level. A colossal thermopower, ranging between —6 and —45 mV/K at around 10 K, was 
observed in FeSb2 f27l. Our semi-quantitative analyses have revealed an unconventional enhancement of 
the thermopower, most likely due to many -body effects li26]|28l |29l . In this paper, we review the typical 
magnetic, transport, and optical properties as well as specific heat of FeSb2 and its slightly Te doped 
variants. We will show that the classical descriptions without many-body corrections are inadequate to 
account for most of the observations. 

2 Magnetic properties 

Shown in Fig.[T]is the magnetic susceptibility x(T) of FeSb2 and a Te-doped, metallic sample FeSbi.gg- 
Teo.oi, together with x{T) of the isostructural semiconductor RuSb2. At around 100 K, x(T) of FeSb2 
exhibits a crossover from low-temperature diamagnetism to enhanced paramagnetism at higher temper- 
atures. In contrast x{T) of RuSb2 is almost T independent and diamagnetic due to the predominant 
inner-core contribution. No cooperative magnetism has been observed in FeSb2 in various measurements 
including magnetic-susceptibility |[6l[T2l[Ill, neutron-diffraction |[30l . and ^^Fe-Mossbauer ||3TI measure- 
ments. A nonmagnetic ground state of FeSb2 has been commonly assumed within a simple ionic picture 
proposed by Goodenough l32l . where the iron has a low-spin 3c?'' configuration because it is located within 
a slightly distorted octahedron, and therefore the t2g state splits into two degenerate dyz and dxz orbitals 
(ground state, fully filled) and one higher lying dxy orbital. This configuration, however, has not been 
experimentally confirmed yet. 

The thermally activated x{T) of FeSb2 above 100 K parallels that of FeSi jl!|. Phenomenological 
descriptions of this unique behavior employed for FeSi include a thermally activated Curie law of local 
magnetic moments, i.e., Xcw{T) = (C/T) exp(— As/fc^T), where denotes the relevant spin gap. Al- 
ternatively, one may assume an enhanced Pauli paramagnetism of thermally activated itinerant electrons in 
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Fig. 1 Magnetic susceptibility x{T) for FeSb2 and a Te- 
doped, metallic system FeSb1.99Teo.01. x{T) of RuSb2 
is also displayed for comparison. The solid (red) line is 
a theoretical fit (see text) of the Pauli paramagnetism for 
a simple narrow gap system as depicted in the inset, with 
a spin gap of As= 76 meV and band width W = A5 meV. 
This line fits the data for FeSb2 very well. 
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Fig. 2 In(rx) as a function of 1/T for FeSb2 in the 
temperature range 60 and 350 K. The linear fit indicates 
a thermally activated CW law (see text) for describing the 
x(r) of FeSb2. A spin gap As =81.2 meV is employed 
in this fit. 



Table 1 Different energy gaps Eg derived from various measurements for FeSb2 (unit: meV). While 
the gaps estimated from electrical transport, specific heat and quadrupole splitting of Mossbauer effect 
are quite close to the indirect gaps estimated from optical measurements, the energy scale derived from 
magnetic susceptibility and nuclear spin-lattice relaxation time Ti is much larger than the indirect gaps, and 
is therefore treated as a measure of the direct gap. However, we note that the physical interpretation of these 
energies could be much more complex. 
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a narrow band system (cf. inset of Fig. [T) as obtained by an integration over the whole conduction band, 
i.e., Xpauu [T) = -2/i| / N{E) df{E, T) /dE dE, where f{E, T) represents the Fermi function. The two 
approaches, as revealed by the calculated curves in Fig. |2]and Fig.[Tl respectively, apply well to FeSb2 and 
yield a similar spin gap, consistent with the reported values ||6l|2l[33li34J; 70—100 meV. Note that this en- 
ergy is two or three times that of the transport gap, but is close to (while somewhat smaller than) the direct 
gap estimated from optical conductivity (see Table 1). The band width W employed in the latter approach 
is as narrow as 45 meV, a value even smaller than the experimentally observed gap energy. Such a band 
width, which is unrealistic in terms of conventional band theory, has been taken as a proof supporting the 
KI scenario f35l . By contrast the CBI scenario is also able to describe the observed magnetic suscepti- 
bility, however, with a more realistic band width (much wider than the relevant gap) LIOJ . On the other 
hand, by studying the expansion coefficients of the free energy for the magnetization, Koyama et al. 1331 
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recently concluded that the magnetization process in FeSb2 is governed by the correlated spin fluctuations, 
in accordance to TM's scenario. It should be also noted that, while for FeSi, x(T) follows a Curie- Weiss 
law at temperatures above the broad maximum at around 500 K ([T], for FeSb2, such behavior could not be 
confirmed so far This is partly due to the fact that the so far available magnetic susceptibility data of the 
latter compound are limited to below 550 K: FeSb2 is supposed to decompose into FeSb and Sb above 573 
K iflTll . This decomposition temperature, however, remains controversial ||36l . 

Also plotted in Fig.[T]is x(r) of a Te-doped sample, FeSbi.ggTeo.oi, which has a metallic ground state 
(cf. Fig. [3]). The large increase of x(T) below 80 K observed for this sample could indicate the existence of 
local magnetic moments induced by Te. A small upturn below 20 K was also observed in some nominally 
pure FeSb2 samples (see, e.g., l!6l). For T > 100 K, the temperature dependence of x{T) for the doped 
sample is very similar to that of the undoped FeSb2, except for a significant shift upward by a constant 
value 1.2 X lO^"' emu/mol). Assuming this shift for FeSbi.ggTeo.oi being due to a T-independent Pauli 
paramagnetism derived by additional free charge carriers, the estimated DOS at the Fermi level is N{eF) 
= XPauii / = 1.39 X 10*'^ states/J mol. This value is close to N{€f) = 0.96 x lO^'^ states/J mol as 
derived from the electronic specific heat, which is substantially enhanced by a renormalized charge carrier 
mass (see below). 



3 Transport properties 
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Fig. 3 Electrical resistivity p{T) of FeSbg-^^Tea; 
with varying Te content x = 0, 0.001, 0.01 and 0.16 
1261 . The former two samples are semiconductors 
whereas the two latter ones show metallic behavior 
below 100 K. 
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Fig. 4 Hall coefficient Rh(T) for the same sam- 
ples shown in Fig. [3] Rh < in the temperature 
range shown for all samples indicating dominating 
electron transport, whereas at higher temperatures a 
sign change occurs due to competing multi-band con- 
tributions. 



As seen in Fig. [3j the electrical resistivity p{T) of FeSb2 is thermally activated in two temperature 
windows, i.e., p{T) cx exp{Eg/2kBT), separated by a shoulder at around 20 K. Below 7 K, we observe a 
tendency of saturation, pointing to a residual DOS at the Fermi level. However, it is not yet clear whether 
this phenomenon is intrinsic or due to impurities. Despite considerable variation in the electrical resistivity 
from sample to sample which is typical for narrow-gap semiconductors, the afore-described features were 
found in all the single-crystalline FeSb2 samples we have investigated thus far 1271 [37l . The two transport 
gaps estimated for various samples are largely consistent, i.e., Egi = 4—10 meV and Eg2 = 25—40 meV 
for the temperature window 5 — 15 K and 50—200 K, respectively ll27l[37ll . 

Interestingly, a very small amount (x < 0.01) of Te can induce a metallic ground state in FeSb2-2:Te2; 
(Fig-E)- The transport properties near the semiconductor- metal (SM) transition were recently investigated 
in detail by us |26|, while p{T) over a much wider doping range {x < 1.2) was reported by Hu etal. 
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It appears that, while the smaller transport gap (Egi) is filled, the larger one {Eg2) is less influenced 
upon increasing the Te concentration up to at least x = 0.01. This feature is consistent with the magnetic 
susceptibility of FeSb2-a;Tej; (cf. Fig. [T]i, which persists to be thermally activated at T > 100 K. The Hall 
coefficient Rh of the metallic samples exhibits nearly constant values at low temperatures (cf. Fig. |4}, 
which suggests that each Te atom introduces one extra electron to the conduction band | 
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Fig. 5 Thermopower S{T) for semiconducting 
FeSbi.gggTeo.ooi, and metallic FeSbi,g4Teo.i6. Solid 
lines denote results of calculations based on the mea- 
sured Hall coefficient and additional enhancement 
factor (see text), presumably caused by many-body 
renormalizations ll26| . 

The most remarkable transport phenomenon of FeSb2 is its colossal negative thermopower S ranging 
from 6 to —45 mV/K at T w 10 K 1271 . For a classical semiconductor, the possible maximum ther- 
mopower at a specific temperature is determined by the magnitude of the relevant energy gap, i.e., Smax = 
EglleTmax ll38l . In view of the small magnitude of the transport gaps, this approach yields a thermopower 
of '^1.5 mV/K at 10 K. By analyzing the temperature profile of the thermopower of FeSb2 12611281 . and 
comparing it with that of a classical homologue |i29l. we concluded that the thermopower of FeSb2 can 
be qualitatively described by the classical expression for electron diffusion. However, a quantitative de- 
scription requires an enhancement factor 10—30. Surprisingly, such a large thermopower enhancement 
was also found to persist when crossing the SM transition induced by doping l26l . This is demonstrated 
in Fig.|5l which displays the thermopower of two typical samples, i.e., FeSbi gggTeo.ooi (semiconducting) 
and FeSbi 84Teo.i6 (metallic). The solid lines plotted in this figure are based on the following classical 
formula for degenerate system | 



S{T) 



(1) 



where the Fermi energy ej? is determined by the carrier concentration n and the effective mass m* of 
charge carriers, ep = 2^(i¥)^^'^- assuming m* = mg, the free electron mass, and applying the one- 
band model where n = l/e|i?//|, an enhancement factor of 18 or 32 had to be applied to Eq. 1 in order to 
reproduce the measured S{T). This is in agreement with a corresponding factor 10—30 found in undoped 
FeSb2 im. 

Our qualitative description of S{T) with the aid of the classical expression strongly suggests a dom- 
inating electronic rather than phononic origin of the thermopower A non-negligible contribution due to 
the phonon drag effect may nevertheless exist, particularly for the semiconducting FeSb2-2;Te2: samples 
with low carrier concentration and enhanced phonon thermal conductivity. We speculate that the large 
enhancement (by a factor of 10—30) of the electron-diffusion thermopower has its origin in substantial 
electron-electron correlations. In at least the metallic regime (a;>0.005), this can be well captured by a 
largely renormalized value of m*, as is supported by the enhanced electronic specific heat (to be shown 
in Fig. |7]). This resembles the enhanced thermopower observed in 4//5/-based heavy-fermion metals 
l39l . As far as the semiconducting ¥QSh2-x'^^x (x < 0.003) samples are concerned, the physical inter- 
pretation of the thermopower enhancement given above appears to be inadequate: here, the charge carrier 
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system tends to be nondegenerate (or on the borderline between degenerate and nondegenerate ll26l 1281 ). 
In this case, a renormaUzed m* does not effectively enhance S{T) in the same way as in metalUc sys- 
tems. In fact, recent theoretical calculations for FeSb2 yield an only qualitative description of the observed 
thermopower lfT4l . A quantitative description of nondegenerate semiconducting systems involving strong 
electron-electron correlations remains challenging. 



4 Optical properties 
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Fig. 6 Optical conductivity ai (co) of FeSb2 with Ej |C 
in the (110) plane. The symbols indicate the dc conduc- 
tivity (Jdc = ai (io = 0) at the respective temperatures. 
Inset: Energy dependence of the effective charge carrier 
density Ncti{oj) 1411 . 



The optical conductivity cri (uj) of FeSb2 was first reported by Perucchi et al. 1401 and subsequently 
by Herzog etal. HTI . Some of the recent data adapted from Ref. PTI are shown in Fig.|6l In the far- 
infrared range, cti (cj) exhibits a pronounced temperature dependence. While at T < 100 K, there are clear 
gap features with diminishing Drude component, upon warming the system up to room temperature, the 
gaps are entirely filled up by thermal excitations, resulting in a flat ai{oj). Analyzing the spectra with a 
fundamental absorption across the gap of parabolic bands yields not only a direct gap at 130 meV, but also 
two indirect gaps at 6 meV and 31 meV 11411 . The observed direct gap is roughly half of that (0.2—0.3 eV) 
estimated by LDA [S] [19] |20l . The indirect gaps, on the other hand, correspond well to the transport gaps 
inferred from resistivity measurements (cf. Table 1). In stark contrast to classical band semiconductors, 
where the spectral weight lost by the gap formation is shifted to just above the gap energy, a remarkable 
observation in FeSb2 is the large rearrangement of the spectral weight up to much higher energies. The 
two energies for FeSb2 at which the lost spectral weight is recovered, i.e., one at 0.25 eV for T < 100 K 
and another one at 1 eV for T < 300 K (inset of Fig. ^ largely exceed those of both the indirect and the 
direct gap. Such a strong spectral redistribution on a large (atomic) energy scale has also been observed 
for, e.g., FeSi ll42l and is considered characteristic for strongly correlated semiconductors. 



5 Specific heat 

Fig.|2]shows the specific heat divided by temperature, C/T, as a function of for nominally pure FeSb2 
as well as for FeSb1.99Teo.01. The low-temperature upturn observed for the latter sample may be due to 
either slight impurities or doping-induced short range cooperative magnetism, which parallels the Curie 
tail at low temperatures (cf. Fig. [T]i. The extrapolated electronic specific-heat coefficient 7 for the FeSb2 
sample shown in Fig. [T] is practically zero. Depending on the differing purities of various specimens 
investigated, some nominally pure FeSb2 samples show finite 7 values, however, always smaller than 0.25 
mJ/mol K^. In line with the metallic conduction observed in the Te-doped systems, the introduced free 
carriers contribute a term 7T to the specific heat. For the metallic sample FeSb1.99Teo.01, 7 is as large as 6 
mJ/molK^. Based on the carrier concentration n= 1/e I i?^! = 1-7 x 10^" cm'^ derived from Hall coefficient 
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(cf. Fig.|4]i and from the free-electron expression 7 = 7r^/3 kgN{Ep), an effective quasiparticle mass m* 
of ~18 times the bare electron mass toq is estimated for FeSbi.ggTeo.oi- The enhanced m* {— 10—20 mo) 
appears to be almost doping independent in the whole concentration range x < 0.16 investigated by us 
||43]| . Interestingly, the estimated rn* for Te-doped FeSb2 is comparable to m* 14 mo as estimated for 
Al-doped FeSi based on specific heat measurements flSj . 



10 - 




Fig. 7 Specific heat divided by temperature C/T as, 
a function of T'^ for FeSb2 and FeSbi.ggTeo.oi- The 
electronic specific-heat coefficient 7 is read off as the 
intercept at T = 0. 

This enhanced electronic specific heat observed for Te-doped FeSb2 is compatible with the doping 
induced, T-independent Pauli paramagnetism discussed in section 2. From the observed 7 value (6 mJ/mol 
K^) for FeSbi.ggTeo.oi, we estimate N{eF) = 0.96 x 10^"^ states/J mol, in good agreement with N{eF) = 
1.39 X lO'''^ states/J mol obtained from the doping induced Pauli paramagnetism. Using this latter value, 
one find m* w 26 too, close to 18 too as estimated from the specific heat. The enhanced quasiparticle 
mass, which is not captured by the LDA band structure calculations ifSOl . provides a clue to understanding 
the observed enhancement of the thermopower by a similar factor | 



6 Discussion and summary 

The unusual gap opening of FeSb2 was also detected by other measurements, i.e., of the NQR ||34ll44ll and 
the Mossbauer ISTl . The formation of a small gap with activation energy A = 38.4 meV was seen in the 
spin-lattice relaxation rate, \ITi{T) 13411441 . The corresponding gap 2A (as expected for an intrinsic semi- 
conductor with symmetric valence and conduction bands) is close to what was estimated from the static 
magnetic susceptibiUty and appears to reflect the direct gap of FeSb2 seen in the optical measurements (cf. 
Table 1). On the other hand, the energy gap derived from the temperature-dependent quadrupole splitting 
of the Mossbauer effect is 33 meV, in good agreement with both the transport gap {Eg2) and the indirect 
gap seen in the optical conductivity data (cf. Table 1). It is worthwhile to note that different excitation 
energies for charge and spin channels, roughly corresponding to the indirect and direct gaps, have also 
been observed for FeSi ||45l . 

Though LDA band structure calculation is apt to predict the formation of an energy gap in FeSb2, 
it cannot capture the unusual physical properties observed in this material. These include a thermally 
activated and enhanced Pauli paramagnetism, a strong rearrangement of optical spectral weight, a colossal 
thermopower as well as an enhanced quarsiparticle mass to*. All these phenomena distinguish FeSb2 
from classical band insulators. Furthermore, the effects of many body renormalization inferred from these 
measurements seem consistent: Uke the m* that is 10—30 times enhanced as indicated by the specific heat 
and magnetic susceptibility measurements, the thermopower exhibits an enhancement by a similar factor 

Ferromagnetism induced by doping in FeSb2 12311241 as well as in FeSi 12111221 is another intriguing 
fundamental issue relevant to electron correlations in low-carrier systems. The induced ferrommagnetism 
has been so far discussed in either TM's nearly ferromagnetic semiconductor 1211 or the KI scenario l22l 
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and is also understandable in the recent CBI picture yjj. The nature of the magnetically ordered state is 
yet to be further clarified. Similarly, the heavy-fermion like metallic state induced by doping is far from 
being understood. Different to the Kondo scenario that is vaUd for /-based KI's, in a CBI, the Coulomb 
correlations lead to band narrowing and a corresponding mass renormalization near the Fermi level. How- 
ever, it remains to be shown why the CBI approach yields only m* ~ Ittlq (cf. lfT2l '). much smaller than 
the values estimated from the thermodynamic results. Like in FeSi (or its doped systems), where magnetic 
field can induce anomalous Hall conductance 1461 and unconventional magnetoresistance BtI . similar ef- 
fects are argued to exist in FeSb2 as well 1481 . These phenomena are of particular technologically interest 
and are calling for further investigations. 

In summary, we have described various physical properties of the narrow-gap semiconductor FeSb2. 
The anomalous temperature / energy dependences observed in transport, optical and thermodymamic prop- 
erties cannot be understood in the framework of conventional band theory. Electron-electron correlations 
are believed to be at the origin of the strongly renormalized electronic properties as found in various mea- 
surements. By slightly doping Te (less than 0.5%), FeSb2 can be made metallic and shows behaviors 
reminiscent of /-based heavy fermion metals, in particular a renormalized quasiparticle mass as reflected 
by large low-T values of the electronic specific heat and diffusion thermopower. 
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fruitful discussions. 
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